Abstract: Magnesium (Mg) 
coating can be controlled easily by varying the electrochemical potential and other parameters. In this paper we report the preparation of hydroxyapatite (HAp) coatings on magnesium Mg-alloy by electrodeposition and subsequent treatment in alkaline (NaOH) solution and by an alternative immersion method (AIM) [22] [23] [24] [25] . The barrier properties of the coatings in the Hanks' solution were investigated using electrochemical impedance spectroscopy (EIS) and voltammetry methods. Morphology of the HAp coatings was studied using Fourier transform infrared spectroscopy (FTIR) [26] [27] [28] .
II. Experimental
Cylindrical shaped electrodes having surface area 0.235 cm2, in a glass tube and working electrode with Mg-alloy composition of 8.6 Al, 0.51 Zn, 0.19 Mn, 0.05 Si, 0.025 Cu, 0.004 Fe and remaining Mg. Electrodes are polished with alumina powder of 0.05 μm, in ethanol in ultrasonic bath, rinsed with distilled water, kept immersed in 1.0 M solution of NaOH at 80 °C for 1 h, and finally rinsed with distilled water. Electrodeposition of HAp was carried out at constant potential values of −2.0 V for different periods of time in a solution (100 cm 3 ) containing 50 cm 3 0.1 mol dm -3 Ca(NO3) 2 and 0.06 mol dm -3 NH 4 H 2 PO 4 . The pH of the solution was adjusted with 0.5mol dm -3 HNO 3 to 5. The hanks solution was used to test the corrosion resistance of HAp at 37°C. All chemicals were of p.a. purity.
Hanks solution experiment was carried out in standard three-electrode cell captaining 100 cc of solution. The counter electrode was a large area platinum electrode and the reference electrode, to which all potentials are referred, was an Ag/AgCl/3M KCl (209 mV vs. SHE). Potentiometric measurements were performed at a sweep rate of 10 mV s - 1 . Electrical open circuit potential (EOCP) was measured in the frequency range from 100 kHz to 0.1 Hz with an AC signal ±5 mV. SolartronZView® software was used to fit the Impedance data of suitable electrical equivalent circuit (EEC) model, employing the complex non-linear least squares (CNLS). The HAp deposit was characterized by FTIR. The FTIR spectra were recorded in the 4000-650 cm -1 region with the scan resolution of 4 cm -1 using Horizontal Attenuated Total Reflectance (HATR) method on a Perkin-Elmer spectrum one FTIR spectrometer.
III. Results and Discussion

Electrochemical deposition of hydroxyapatite
Electrodeposition of hydroxyapatite film was performed using Modification of the electrodes at room temperature in a solution (100 cm 3 ) containing 50 mL 0. 2 , HAp. Alkaline treatment (acid-base reaction) converts brushite and β-TCP film formed on the Mg-alloy surface by electrodeposition into hydroxyapatite, HAp.These results clearly show that electrodeposited coating prior to alkaline treatment is mainly consisted of calcium phosphate dihydrate and β-TCP. Alkaline treatment results in the HAp coating formation.Prior investigations have also utilized the increased solubility of brushite on metallic implants as a means of increasing the amounts of calcium and phosphate ions available in the immediate vicinity of the implant to promote increased osseo-integration.
Barrier properties of the coating
Nyquist plot for various frequency dispersions (a) for an ideally capacitive behavior of plainelectrodes; (b) for the in-a-pore dispersion simulated by de-Levie's standard equation (c) for the in-a-pore dispersion and by pore size distribution simulated by TLM-PSD. The impedance of most electrodes deviates from the purely capacitive behavior which isrepresented as a vertical line in the Nyquist plot, curve (a) in Figure 1 
Electrochemical impedance spectroscopy
From the figure 1, it is describe that CPE 1 at high frequencies and with an ideal capacitance at low frequencies while curve (c) can be approximated with the CPE 1 at high frequencies and roughly with the CPE 2 at low frequencies. Frequency dispersion leads to an inclined line whose phase angle is equal to (π/2)n. The empirical distributed element was used to describe the non-ideality due tofrequency dispersions by the constant phase element (CPE). Its impedance is equal to ZCPE = [Q-(jω)n]-1, where Q is the frequency independent parameter, ω is the angular frequency, and n is the CPE power. When n = 1, Q represents the pure capacitance, while for n ≠ 1 the system shows behavior that has been attributed to the surface heterogeneity, or to the continuously distributed time constants for charge transfer reactions. The overall impedance of modified Mg-alloy was plotted with Nyquist for coated withhydroxyapatite was significant compared to unmodified Mg-alloy. Electrodeposition time of modified Mg-alloy was significant as shown using capacitive semicircle increase.The presence of hydroxyapatite was observed in low frequency region of bode plot. The value of log |Z|is significant at which dominates the polarization resistance. EIS data recorded for the unmodifiedMg-alloy in Hanks' solution was modelled by the electrical equivalent circuit (EEC) with two timeconstants. In the EEC, constant phase element CPE 1 attributed to the double layercapacitance, and R 1 to the charge transfer resistance and CPE 2 and R 2 attributed to the resistance of thefilm and capacitance of the ions travel through the film. In the case of electrodes modified withhydroxyapatite at low frequency region of the impedance spectra an additional time constant appears.It is attributed to the diffusion processes and described by the Warburg diffusion element Ws. The total impedance, Z of the investigated electrochemical system is the sum of the ohmic resistanceand the impedance of the electrochemical interface (Zel + ZHF + ZLF) and is described by the transferfunction:
The sum of R 1 and R 2 represent the polarization, resistance and a diffusional resistance (R 1 -R 2 ). Electrodeposition of hydroxyapatite affects the corrosion behavior which was observed during the experiment, i.e, polarization resistance of the Mg-alloy in Hanks' solution. The value ofpolarization resistance increases with an increase of the electrodeposition time. Electrochemical double layer capacitance decreases with increases of theelectrodeposition time.
Therefore, the EEC includes also the so-called "O"circuit element ("porous bounded Warburg"). The term "O" represents a dimensional diffusion througha layer of finite thickness or the (penetrability) penetration depth of the ACsignal across pores of finitelength.The impedance parameters of uncoated Mg-alloy and Mgalloy samples coated withHAp coatings, obtained in Hanks' solution (37°C) at EOCP. Electrodeposition was performed at-2.0 V for denoted time periods.
Polarization measurements
Polarization curves measurements were recorded with uncoated and HAp coated alloy specimens, using a scan rateof 10 mV s -1 , are shown in Figure 3 . It is observed that polarization curve for all specimens'exhibits a linear Tafel region with slope values ranging from -235 mV dec -1 to -140 mV dec -1 at cathodic branch of cell. This is similar observation as in case of hydrogen evolution reaction, which occurs atelectrodes covered with a surface film The values obtained agree well with those reported forMg-alloys that were unmodified and modified with SAMs of fatty acids or phosphonate SAMs, andimmersed in near neutral aqueous solutions containing chloride ions.The hydrogen dissolution at anodic region i.e, simultaneous combination of both anodic dissolution and localized corrosion has been reported for reason of complicated anodic polarization behavior of unprotected Mg-alloy. Figure 4 , shows at different times the deposition of HAp at cathodic and anodic electrodes.
Figure 4 Tafel plots recorded with uncoated Mg-alloy
Tafel plots recorded with uncoated Mg-alloy (with a native surface layer) and HApcoated Mg-alloy in the Hanks' solution at 37°C; v = 10 mV s -1 . It can be observed from the Figure 4 , that Electrodeposition wasperformed at -2.0 V for denoted time periods. The rate determining for corrosion process of all specimens are indicated around E corr by the cathodic and anodic portions of the polarization curves. Extrapolation of thelinear part of the cathodic currents to the corrosion potential was use for a rough estimation of thecorrosion current densities (j corr ). The numerical values of the corrosion kinetic parameters b c , b a , j corr and E corr , obtained by fitting experimental data, are shown in figure 4 . The numerical values of thecorrosion current densities determined for untreated alloy specimens is 41.2 µA cm -2 and for coatingHAp films formed on Mg-alloy for 180 min at -2 V is 0.1 µA cm -2 . 
Sustainable application of magnesium alloy through Electrodeposition of Hydroxyapatite Coating
Characterization of HAp coating
The Mg-alloy coated with electrodeposited HAp coating was characterizes by FTIR spectra.Electrodeposition was performed at -2.0 V for 3 h. Figure 5 shows a FTIR spectrum of Mg-alloy substrate coated by electrodeposited HApfilm that was subsequently alkali treated. A strong ν3 PO 4 3-vibration band, associated with the internalmodes of PO 4 3-(P-O asymmetric stretching vibrations), are observed inside the frequency range fromca. 1000 cm -1 to 1100 cm -1 at 1009 cm -1 and 1088 cm -1
. The ν3 asymmetric P-O stretchingmode is triply degenerate in the free phosphate ion, but this mode is resolved into at least two distinctpeaks in crystalline hydroxyapatite.
Figure 5. FTIR spectra of Mg-alloy coated with electrodeposited HAp
Hydroxyapatite was observed from two v3 abnds become increasingly resolved the crystallinity from the figure 5. In our infraredspectrum, the two ν3 bands are fine-resolved, which indicates that the coating is crystalline. The peaks at 1459, 1409 and 1337 cm -1 are due to the presence of carbonate ions in the hydroxyapatite structure. It is well known that carbonate, generated from reaction ofatmospheric CO2 with aqueous solutions, readily substitutes for phosphate ions (B-type incorporation;i.e., CO 3 2-for PO 4 3-substitutions) in the crystal structure of hydroxyapatite. The introduction ofthese different ions was beneficial to the biocompatibility because of natural bone tissue also containedMg 2+ , Na + , HPO 4 2-and CO 3 2-which gives an additional advantage because it leads to an enhancedosseointegration.
Chemical deposition of hydroxyapatite
When it comes to light metals, such as Al and Mg that have surfaces with mesoporousmorphology, the alternative immersion method (AIM) can be used to efficiently deposit synthetic HAp. AIM method is a strikingly simple method to apply HAp coatings to a surface schematicallyoutlined in Figure 5 . In the present approach, the specimens were exposed to 20 cycles of alternatingimmersion in saturated Ca(OH) 2 and 0.02 M NH 4 H 2 PO 4 . The holding time in each solution was 1 minat room temperature. Between each soaking step and after each cycle, the samples were rinsed inultrapure water for 1 min. Finally, the samples were dried by nitrogen gas. After coating with HAp by AIM barrier properties of coating on the Mg-alloy surface wereinvestigated by EIS. As the shape of spectra is identical to those of fitted withthe same EEC.
IV. Conclusion
Electrodeposition method was used to modify/increase the bioactivity and biocompatibility the Mgalloy surfacewith hydroxyapatite film. Brushite film and film of a β-TCP was deposited on Mg-alloy surface and converted into hydroxyapatite (HAp) via an acid-base reaction. Corrosion was tested in Hanks' solution and found that Mg-alloy modified with hydroxyapatite has a higher corrosion resistance in comparison to the unmodified Mg-alloy. The protecting efficiency of HAp increases with the increasing deposition time to obtaina thicker and a more compact coating.By providing higher polarization resistance values in comparison to the surface film by immersion method, electrodeposition method was superior. FTIR was implemented to identify the chemical groups ofHAp coating on Mg-alloy confirmed the presence of the thick uniform layer of hydroxyapatite. Hydroxyapatitecoated Mg-alloy alloy has good potential for use in medicine, because the HAp films has a goodbioresorption.
